We report the first observation of the magnon-polariton bistability in a cavity magnonics system consisting of cavity photons strongly interacting with the magnons in a small yttrium iron garnet (YIG) sphere. The bistable behaviors are emerged as sharp frequency switchings of the cavity magnon-polaritons (CMPs) and related to the transition between states with large and small number of polaritons. In our experiment, we align, respectively, the [100] and [110] crystallographic axes of the YIG sphere parallel to the static magnetic field and find very different bistable behaviors (e.g., clockwise and counter-clockwise hysteresis loops) in these two cases. The experimental results are well fitted and explained as being due to the Kerr nonlinearity with either positive or negative coefficient. Moreover, when the magnetic field is tuned away from the anticrossing point of CMPs, we observe simultaneous bistability of both magnons and cavity photons by applying a drive field on the lower branch.
Both quantum information processing [1] and future quantum internet [2] inevitably need efficient quantum information transfers among different physical systems. Hybrid quantum systems may provide hopeful solutions to these problems [3, 4] . Recently, cavity magnonics has attracted much interest (see, e.g., [5] [6] [7] [8] [9] [10] [11] [12] ), which involves cavity photons strongly or ultrastrongly [13] interacting with collective spin excitations in a millimeter-scale yttrium iron garnet (YIG) crystal. This hybrid system gives rise to new quasiparticles called cavity magnon-polaritons (CMPs) [14, 15] . Benefiting from low damping rates of both magnons and cavity photons, this hybrid system is also expected to become a building block of the future quantum information network. Now, a versatile quantum information processing platform based on the coherent couplings among magnons, cavity microwave photons [5] [6] [7] , optical photons [16] [17] [18] [19] , phonons [20] and superconducting qubits [21, 22] is being established, with the strong coupling between magnons and cavity photons being the core of the hybrid quantum system.
For the cavity magnonics system, in addition to the hybridization between magnons and cavity photons, nonlinear effect can also play an important role. Originating from the magnetocrystalline anisotropy in the YIG [23, 24] , this nonlinearity is related to the Kerr effect of magnons and the nonlinearity-induced frequency shift has been demonstrated in the dispersive regime at cryogenic temperature [25] . In this Letter, we observe the CMP bistability in a cavity magnonics system. In a wide range of parameters, the frequency of the CMPs is found to jump up or down sharply at the switching points where the CMPs transition from one state to another. To clearly demonstrate the nonlinear effect, we implement the experiment by aligning the [100] and [110] crystallographic axes of the YIG sphere parallel to the externally applied static magnetic field, respectively. The measured results show very different features in these two cases, such as the blue-or redshift of the frequency of the CMPs and the emergence of the clockwise or counter-clockwise hysteresis loop related to the CMP bistability. Also, we theoretically fit the experimental results well and explain the very different phenomena of the CMPs as being due to the Kerr nonlinearity with either a positive or negative coefficient.
To our knowledge, this work is the first convincing observation of the bistability in CMPs. As an important nonlinear phenomenon, bistability is not only of fundamental interest in studying dissipative quantum systems [26, 27] , but also has potential applications in switches [28, 29] and memories [30, 31] . Our cavity magnonics system offers a new platform to explore these applications. Also, the employed Kittle-mode magnons have distinct merits, such as the tunability with magnetic field and the maintenance of good quantum coherence even at room temperature [7, 10] . These advantages may bring new possibilities in exploring nonlinear properties of the system. Indeed, we also observe the simultaneous bistability of both magnons and cavity photons at a very off-resonance point by applying a drive field on the lower branch, where the optical bistability is achieved via the magnetic bistability. This observation shows that the CMPs can serve as a bridge/transducer between optical and magnetic bistabilities, which paves a new way for using one effect to induce and control the other.
The experimental setup for our hybrid system is schematically shown in Fig. 1(a) . We use a three-dimensional (3D) rectangular cavity made of oxygen-free copper with inner dimensions 44.0 × 22.0 × 6.0 mm 3 and have a small YIG sphere of diameter 1 mm glued on an inner wall of the cavity at a magnetic-field antinode of the cavity mode TE 102 . The cavity has three ports, with ports 1 and 2 as the input and output ports for measuring transmission spectrum and also with a specially designed port (i.e., port 3) in the vicinity of the YIG sphere for conveniently loading a microwave drive field via a loop an- cavity with a small YIG sphere embedded is placed in the static magnetic field B 0 generated by an electromagnet. Ports 1 and 2 of the cavity, connected to a vector network analyzer (VNA), are used for transmission spectroscopy and port 3 connected to a microwave (MW) source is for driving the YIG sphere. At the bottom, the magnetic-field distribution of the TE 102 mode is magnified for clarity. The small YIG sphere is placed beside a circular-loop antenna and located at the magnetic-field antinode of the TE 102 mode. (b) Transmission spectrum of the CMPs measured versus the magnet coil current (i.e., the static magnetic field) and the frequency of the probe field. Two vertical dashed lines indicate, respectively, the resonance and the very off-resonance points at which we show the CMP bistability.
tenna. Here we focus on the Kittel mode which is a spatially uniform mode of the ferromagnetic spin waves [32] . To reduce the disturbance from other magnetostatic modes [33, 34] , the small YIG sphere is placed at the uniform field of the antenna. The whole cavity with the YIG sphere embedded is placed in a static magnetic field B 0 created by a high-precision tunable electromagnet at room temperature. This bias magnetic field, the magnetic component of the microwave drive field, and the magnetic field of the TE 102 mode are nearly perpendicular to one another at the site of the small YIG sphere.
When the frequency of the Kittel-mode magnons is tuned in resonance with the microwave photons of the cavity mode TE 102 , anticrossing of energy levels occurs owing to the strong coupling between magnons and cavity photons, which gives rise to two branches of CMPs [see Fig. 1(b) ]. The magnonphoton coupling strength is found to be g m /2π = 41 MHz from the energy splitting at the resonance (anticrossing) point. The fitted cavity-mode linewidth is κ/2π ≡ (κ 1 + κ 2 + κ 3 + κ int )/2π = 3.8 MHz, where κ i (i = 1, 2, 3) is the decay rate of the cavity due to the ith port and κ int is the intrinsic loss of the cavity. Also, the Kittel-mode linewidth is found to be γ m /2π = 17.5 MHz. It is clear that the system is in the strongcoupling regime because g m > κ, γ m .
Here we demonstrate the nonlinear effect in the cavity magnonics system by driving the YIG sphere with a microwave field via the loop antenna. We first focus on the case with the magnons in resonance with the cavity photons, where a CMP is the maximal superposition of a magnon and 
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F r e q u e n c y d e t u n i n g δ L P / 2 π ( M H z ) a cavity photon. Also, the YIG sphere is aligned to have its [100] crystallographic axis parallel to the static magnetic field B 0 . In Fig. 2(a) , we measure the frequency shift ∆ LP of the lower-branch CMPs versus the drive power P d for different values of the drive-field frequency detuning (see [35] for the measurement method). Here the angular frequency ω LP of the lower-branch CMPs is tuned to be at the anticrossing point A in Fig. 1(b) and the drive-field frequency detuning δ LP ≡ ω LP − ω d is relative to the lower-branch CMPs, where ω d is the angular frequency of the drive field. At the resonance point with ω m = ω c (where ω m is the frequency of the Kittel-mode magnons and ω c is the frequency of the cavity mode TE 102 ), a hysteresis loop is clearly seen at δ LP < 0, revealing the emergence of the CMP bistability in the cavity magnonics system. This hysteresis loop is counter-clockwise when considering the increasing and decreasing directions of the drive power. Moreover, its area reduces when decreasing the frequency detuning |δ LP |. In Fig. 2(b) , we measure the frequency shift ∆ LP of the same lower-branch CMPs versus the frequency detuning δ LP for different values of P d . When the increasing and decreasing directions of δ LP are considered, a counter-clockwise hysteresis loop is also clearly shown, and its area decreases when reducing P d .
For a small YIG sphere driven by a microwave field with frequency ω d , when its [100] crystallographic axis is aligned parallel to the static magnetic field, the cavity magnonics system has the Hamiltonian (setting = 1) [25] 
where a † (a) is the creation (annihilation) operator of the cavity photons at frequency ω c , b † (b) is the creation (annihilation) operator of the Kittel-mode magnons at frequency ω m , and Ω d is the drive-field strength. As shown in [25] , the Kerr term
, is intrinsically due to the magnetocrystalline anisotropy in the YIG material. Here µ 0 is the magnetic permeability of free space, K an is the first-order anisotropy constant, γ = gµ B / is the gyromagnetic ratio (with g being the g-factor and µ B the Bohr magneton), M is the saturation magnetization, and V m is the volume of the YIG sphere. Note that the Kerr effect is strengthened when reducing V m .
We consider the case with
where ω UP is angular frequency of the upper-branch CMPs. In such a case, the drive field applied to the YIG sphere generates polaritons in the lower branch much more than the polaritons in the upper branch. Using a quantum Langevin approach, we obtain a cubic equation for the CMP frequency shift ∆ LP [35] (
where γ LP is the damping rate of the lower-branch CMP and c is a coefficient characterizing the coupling strength between the drive field and the lower-branch CMPs. This cubic equation provides a steady-state solution for the frequency shift of the lower-branch CMPs as a function of both the drive-field frequency detuning δ LP and the drive power P d . Under appropriate conditions, it has three solutions, two of them stable and the additional one unstable. This corresponds to the bistability of the system. In Fig. 2 , we also show the theoretical results (dashed curves) obtained using Eq. (2), which fit the experimental results very well. This verifies the experimental observation of the CMP bistability in our cavity magnonics system. The two stable solutions of ∆ LP in Eq. (2) correspond to two states of the system with large and small number of polaritons in the lower branch [35] . Thus, in Fig. 2 , each sharp switching of the frequency shift ∆ LP is related to the transition between these two states.
In the resonance case with ω m = ω c , we further implement experiment by aligning the [110] crystallographic axis of the YIG sphere parallel to the static magnetic field B 0 . In Fig. 3(a) , we measure the frequency shift ∆ LP of the lowerbranch CMPs versus the drive power P d for different values of the drive-field frequency detuning δ LP relative to the lowerbranch CMPs. In sharp contrast to Fig. 2(a) , bistability of the lower-branch CMPs is now observed at δ LP > 0. The area of the hysteresis loop also decreases when reducing δ LP , but the hysteresis loop becomes clockwise. Also, we present in Fig. 3(b) the frequency shift ∆ LP versus the frequency detuning δ LP for different values of P d . The hysteresis loop is also counter-clockwise, similar to that in Fig. 2(b) .
As shown in [35] , when the YIG sphere is aligned with its [110] crystallographic axis parallel to the static magnetic field B 0 , the Hamiltonian of the cavity magnonics system takes the ) crystallographic axis of the YIG sphere is aligned along the direction of the static magnetic field. These are due to the positive and negative Kerr coefficients K's in the two different cases [35] .
Finally, we demonstrate the Kerr effect of magnons at an off-resonance point much away from ω m = ω c , where the magnet coil current is 4.8 A [see the left dashed line in Fig. 1(b) ]. At this point, the frequency of the lower-branch CMPs is about 9.91 GHz and the frequency of the upperbranch CMPs is about 10.08 GHz, as indicated by points B and C in Fig. 1(b) , respectively. Also, the [100] crystallographic axis of the YIG sphere is aligned parallel to the static magnetic field B 0 . In Fig. 4(a) , we present the frequency shift ∆ LP of the lower-branch CMPs versus the drive power P d for different values of the drive-field frequency detuning δ LP relative to the lower-branch CMPs. Moreover, the frequency shift ∆ LP versus the frequency detuning δ LP is shown in Fig. 4(b) for different values of P d . As in Fig. 2 , we also see counterclockwise hysteresis loops. Because the magnon is a dominating component of the lower-branch CMP at this very offresonance point, nearly the bistability of magnons is actually observed here, directly owing to the magnon Kerr effect in the YIG sphere. The theoretical results (dashed curves) obtained δ L P / 2 π = -2 7 . 8 M H z P o l a r i t o n f r e q u e n c y s h i f t
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Under the conditions same as in Figs. 4(a) and 4(b), we further show the frequency shift ∆ UP of the upper-branch CMPs versus the drive power P d [Fig. 4(c) ], as well as the frequency shift ∆ UP of the upper-branch CMPs versus the drive-field frequency detuning δ LP relative to the lower-branch CMPs [ Fig. 4(d) ]. Here, as in Figs. 4(a) and 4(b) , the drive field is still applied on the lower branch. Now the cavity photon is a dominating component of the upper-branch CMP at this very off-resonance point, so it is nearly the bistability of cavity photons that is observed in Figs. 4(c) and 4(d) . As one knows, both optical [40, 41] and magnetic [42] bistabilities are interesting phenomena of nonlinear systems. Here we observe the simultaneous bistability of both magnons and cavity photons at a very off-resonance point by applying the drive field only on the lower branch, where the optical bistability is achieved via the magnetic bistability. Also, the experimental results in Figs. 4(c) and 4(d) fit well with the theoretical results (dashed curves), where the fitted ratio ξ ≡ ∆ UP /∆ LP is close to the theoretical value 0.065 [35] . In addition, some small dips are observed in, e.g., Figs. 4(c) and 4(d). By fitting with these dips, we attribute them to other polaritons stemming from the coupling between cavity photons and a magnetostatic mode with the negative Kerr coefficient [35] .
In conclusion, we have demonstrated the bistable behaviors of the CMPs using a hybrid system consisting of microwave cavity photons strongly interacting with the magnons in a YIG sphere. We find that the switching points where the CMPs transition from one state to another depend on the drive power and the drive-field frequency detuning. When implementing the experiment, we align, respectively, the [100] and [110] crystallographic axes of the YIG sphere parallel to the static magnetic field and find very different bistable behaviors in these two cases. We theoretically fit the experimental results well and put these different bistable behaviors down to the Kerr nonlinearity with either a positive or negative coefficient.
The cavity magnonics system possesses the merits of tunability and compatibility with other quantum systems, in which the magnons can be tuned by an external magnetic field and the magnon-photon coupling can be tuned by moving the YIG sphere inside the cavity. With regard to the bistability of the CMPs, the area of the hysteresis loop can be easily controlled by a lower drive power and a tunable drivefield frequency. This may bring potential applications in realizing low-energy switching devices. Also, we observe simultaneous bistability of both magnons and cavity photons by tuning the magnetic field. It paves a new path to control the conversion between magnetic and optical bistabilities. Moreover, our study provides possible routes to explore other nonlinear effects of the system such as the creation of a frequency comb for frequency conversion [43] and the chaos of CMPs. With the available CMP bistability, the cavity magnonics system can also provide a new platform to understand the dissipative phase transition and the related critical phenomena [26, 44, 45] . These open up different directions for future studies. 
